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Abstract

Bladder cancer is the 41" most common cancer among men in the U.S. and more than half of
patients experience recurrences within 5 years after initial diagnosis. Additional clinically
informative and actionable biomarkers of the recurrent bladder cancer phenotypes are needed to
improve screening and molecular therapeutic approaches for recurrence prevention.
MicroRNA-34a (miR-34a) is a short non-coding regulatory RNA with tumor suppressive
attributes. We leveraged our unique, large, population-based prognostic study of bladder cancer in
New Hampshire, U.S. to evaluate miR-34a expression levels in individual tumor cells to assess
prognostic value. We collected detailed exposure and medical history data, as well as tumor tissue
specimens from bladder patients and followed them long-term for recurrence, progression and
survival. Fluorescence-based in situ hybridization assays were performed on urothelial carcinoma
tissue specimens (n=229). A larger proportion of the non-muscle invasive tumors had high levels
of miR-34a within the carcinoma cells compared to those tumors that were muscle invasive.
Patients with high miR-34a levels in their baseline non-muscle invasive tumors experienced lower
risks of recurrence (adjusted hazard ratio (HR) 0.57 95%CI 0.34-0.93). Consistent with these
observations, we demonstrated a functional tumor suppressive role for miR-34a in cultured
urothelial cells, including reduced matrigel invasion and growth in soft agar. Our results highlight
the need for further clinical studies of miR-34a as a guide for recurrence screening and as a
possible candidate therapeutic target in the bladder.
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Introduction

Bladder cancer is the 4" most common cancer among men in the U.S. and the 8t most
common in women.! Diagnosis is commonly made based on symptoms of gross painless
hematuria using cystoscopy and urine cytology, followed by resection and histopathologic
confirmation.2 The median age of diagnosis is 65 and the majority (>90%) of cases are
urothelial (transitional cell) carcinoma.* Bladder cancer risk is up to four-fold higher among
cigarette smokers compared with non-smokers.> Approximately 14,680 deaths occur
annually in the U.S. from bladder cancer, which constitutes the leading cause of cancer
death in men > age 80.5 Northern New England, the region of focus for our study, has
among the highest bladder cancer incidence and mortality rates in the U.S.”: 8

Non-muscle invasive tumors are prevalent in the population, with an estimated 500,000
patients with a history of urothelial carcinoma currently residing in the U.S.° Bladder cancer
recurrences are common2? and tumor behavior within a single histopathologic group is
highly heterogeneous.1! Of patients diagnosed with non-muscle invasive bladder cancer,
50% to 75% experience recurrences within 6 to 12 years of diagnosis and 10% to 30% of
tumors progress to muscle-invasive disease.12 This high rate of disease recurrence is a major
challenge in patient management.13 The need to screen for these recurrences (typically every
6 months by the invasive cystoscopy procedure) makes bladder cancer one of the most
expensive malignancies, costing the U.S. an estimated $3.7 billion in 2001.14: 15 Known
predictors of recurrent bladder cancer include a history of recurrences and primary tumor
clinicopathologic characteristics, including multiplicity, tumor size, T category (depth of
invasion), presence of carcinoma in situ, tumor grade; and patient gender.16 Additional
clinically informative and actionable biomarkers of the recurrent bladder cancer phenotypes
are needed to improve screening and target molecular therapeutic approaches for recurrence
prevention.

Non-coding RNAs are a class of RNA molecules that perform their regulatory biological
functions through RNA:RNA interaction, without ever being translated into a protein.1. 18
MicroRNAs (miRNAs) are one class of non-coding RNAs that has received great attention
in cancer biology in recent years.1%-22 MiRNAs regulate their target genes by binding to
specific sites, usually in the 3’ untranslated region of the target gene. The miRNA can
modulate protein output of target genes via translational repression, cleavage, degradation,
and/or sequestration.18: 21 The miRNA can concurrently regulate expression of many target
genes in a cell type- and context-dependent manner, providing an extensive and flexible
gene control mechanism.1722 Expression profiling studies using whole tissue specimens
have indicated that RNA levels of miR-34a are altered in bladder cancer. In these studies,
miR-34a levels were lower in tumors compared to normal tissue, consistent with its tumor
suppressive role in other cancer types.23-26 A positive-feedback loop links miR-34a to
expression and activity of the genome gate-keeper p53 in some contexts,2’ but there is also
evidence of p53-independent functions of miR-34 and dispensability of miR-34a for p53-
mediated processes.28-30 The fact that TP53 is frequently altered or inactivated in bladder
tumors as they become invasive made miR-34a of particular interest as our candidate
miRNA for investigation as a marker of bladder cancer prognosis. Few studies have
characterized altered miRNA expression in specific cellular compartments of urothelial
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cancer lesions and/or investigated associations between miRNA expression and bladder
cancer outcomes.31: 32

We have leveraged our population-based prognostic study of urothelial carcinoma to
evaluate cancer cell-specific expression of miR-34a levels in relation to recurrence and also
demonstrate a functional tumor suppression role for miR-34a in cultured urothelial cells.

Materials and Methods

Population

Bladder cancer patients diagnosed in the state of New Hampshire between January 1, 2002 —
July 31, 2004 were obtained from a population-based case-control study. Eligible cases were
identified using the State Cancer Registry, hospital pathology departments, and hospital
cancer registries (3079 years of age and residents of the state of New Hampshire at the time
of diagnosis), as described.33 A standardized histopathology review and case verification
and was performed by the study pathologist (ARS).34 Staging was performed using the
TNM criteria of the American Joint Committee on Cancer (AJCC). For all cases with
registry T values of T2b (tumor invading greater than one-half of the muscle wall) or higher,
the registry T values were used; otherwise histologic grade and tumor stage was assigned by
the study pathologist. Tumors were classified using the World Health Organization (WHO)/
International Society of Urologic Pathology (ISUP) consensus system into either carcinoma
in situ (CIS), papillary urothelial neoplasm of low malignant potential (PUN-LMP), low-
grade papillary urothelial carcinoma (Pap.Ca-LG), high-grade papillary urothelial carcinoma
(Pap.Ca-HG), non-papillary urothelial carcinoma (noPap.Ca-HG). Of the 389 patients with
histologically confirmed urothelial carcinoma of the bladder, n=229 had tumor tissue
samples available for the in situ hybridization assay. Informed consent was obtained from
each participant and all procedures and study materials were approved by the Committee for
the Protection of Human Subjects at Dartmouth College.

Information on bladder cancer recurrences was obtained from medical records provided by
the treating hospital(s) (both in and outpatient records, including any pathology reports)
covering the follow-up period. Records were reviewed by an experienced, certified tumor
registrar to abstract the data on bladder tumors occurring subsequent to the incident tumor.
Hospital registry data were used if the medical record could not be obtained. Data on the
size and multiplicity of the primary tumor, as well as the initial course of treatment were
obtained from the State Cancer Registry and were verified by medical record review
(immunotherapy, chemotherapy, radiotherapy, transurethral resection, cystectomy).

The first recurrent tumor was defined as any tumor identified following a disease-free
remission period, more than 90 days after the date of initial primary bladder tumor
diagnosis. These recurrent tumors include those of the same level of invasiveness, as well as
those which have progressed to higher stage/grade. Persistent primary tumors that did not
have a remission period were excluded from the analysis of recurrence (n=19). Time to
recurrence was calculated as the time between the initial diagnosis date and the date of the
first recurrence event. For progression the event was the diagnosis of a tumor with a greater
stage or grade than the initial primary bladder tumor. If no events were reported, the date the
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patient was last seen documented in the medical record was used for censoring. Status (alive
or dead) was determined as of January 13, 2011 using the Social Security and the National
Death Indices (NDI). Survival time was calculated from the date of initial diagnosis to date
of death.

In Situ Hybridization

We performed in situ hybridization (ISH) for miR-34a on a tissue microarray slide
representing n=229 urothelial carcinoma cases, as previously described.3° Briefly, 5/-,3'-
fluorescein-tagged locked nucleic acid (LNA)-modified DNA probe complementary to
entire miR-34a sequence (probe:5’FAM/A+CAA+CCA+GCT+AAG+ACA+CTG+CCA/
3’FAM; +N denotes LNA modification) was added at 50 nM to 50% deionized formamide,
5% SSC, 500 pg/ml yeast tRNA, 1x Denhardt’s solution, 0.01% tween*20 solution and
hybridized against tissue at 45°C for 75 min in Leica Bond-MAX automated staining
station. miR-34a probe labeling was revealed by horseradish peroxidase (HRP)-mediated
deposition of fluorescein-conjugated substrate. Then, expression of cytokeratin 19 protein
levels was revealed with another round of HRP-mediated deposition of Dylight 594-
conjugated substrate, after sequential incubations with primary anti-CK19 (50 pg/mL;
MU246-UC, Biogenex) and secondary anti-mouse HRP conjugated antibody (1 ug/mL;
170-6516, Biorad). Tissue was counterstained with DAPI. RNA expression was assessed by
fluorescence microscopy after manual selection of the cellular area of interest (i.e. urothelial
carcinoma cells) using the ImagePro system. MiR-34a expression is presented as the
miRNA fluorescence score (0,1+,2+,0r 3+) within CK19-positive cancer cells (Figure 1).

Immunohistochemistry

Immunohistochemical staining of paraffin-embedded slides was performed using the avidin-
biotin complex technique. Briefly, slides were deparaffinized and hydrated into water. Slides
underwent antigen retrieval in Citra solution using the Biocare Decloaking Chamber
(Biocare Medical). Staining of p53 was performed using a monoclonal antibody (Clone
DO0-7), at a 1:100 dilution on the Optimax 1-6000 Immunostainer with a mouse secondary
antibody (BioGenex, San Ramon, CA). The intensity of nuclear staining and the percentage
of positively staining tumor cells was scored by the study pathologist (ARS). High staining
intensity was classified as =3+ intensity staining.

Cell culture models

UROtsa normal urothelial cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with an additional 1 mg/ml glucose, 5% fetal bovine serum and 1%
penicillin/streptomycin.36: 37 HTB-2 cells (human urinary bladder epithelial cells with
transitional cell papilloma) were cultured in McCoy’s 5A medium with L-glutamine and
sodium bicarbonate supplemented with 10% fetal bovine serum.

Functional studies were carried out by transient transfection of synthetic miR-34a activity
modulator compounds (anti-miR-34a or pre-miR-34a; AM17000, 17100, Applied
Biosystems). Scramble RNA sequences were used as negative controls. We transfected these
nucleotide-based compounds (20nM) using siPORT NeoFX reagent in Opti-Mem medium
(Ambion).38: 39 Tagman miRNA specific probes were used to verify the miRNA expression
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levels post-transfection using the MicroRNA Reverse Transcription Kit and Tagman
Universal PCR Master Mix (Applied Biosystems). Transfection with miR-34 activity
modulators typically resulted in 3.5 — 4.5 fold differences in miR-34a expression levels
compared to the negative control.

Tumorigenesis assays

Functional assays of miRNA dysregulation were performed to assess the tumorigenic
potential of cells following miRNA dysregulation in cell culture.?? Capacity for anchorage-
independent growth was evaluated by assays for colony formation in soft agar. HTB-2 cells
with normal vs. dysregulated miR-34a levels were removed from culture flasks with trypsin-
EDTA and suspended in DMEM containing 5% v/v FBS and 1% antibiotic—antimycotic
supplemented with 0.5% agar. The agar enriched with cells were overlaid onto 0.7% agar
medium in a 24-well plate with a density of 1x10* cells per well. After 7 days of incubation,
colonies were manually counted with a microscope. Data represent colonies counted from 5
fields chosen at random within each well.

Matrigel invasion assays were performed to assess whether dysregulated miRNA levels
modify the invasive potential of bladder cells. Using the BD BioCoat Tumor Invasion
system, cells were suspended in serum-free DMEM in transwell membrane filter inserts (8
um pore size) coated with Matrigel matrix mimicking a reconstituted basement membrane
placed inside tissue culture plates containing fetal bovine serum. Cells that invaded into the
underside of the chamber after 16 hours at 37°C were stained with Calcein AM and counted
with a fluorescent microscope.

Gene expression microarray

RT-PCR

Differential MRNA target gene expression was assessed in miR-34a low (anti-miR-34a) vs.
high UROtsa cells (negative control) using lllumina Human HT-12 gene expression
microarrays containing ~25,000 annotated genes. Data were processed and cubic spline
normalized using lllumina Genome Studio (GSGX Version 1.8.0). We focused on a subset
of 133 genes with the most dramatic expression differences, selected by filtering using
expression ratios >1.9 or <0.4, which had false discovery rate (FDR) adjusted P-values
below 1x1077. A heat map was constructed by clustering genes by the expression ratio and
mean centering the log2 intensities of each array to allow visualization. We then compared
the lists of differentially expressed mRNASs observed with miR-34a dysregulation against
the in silico sequence-predicted miR-34a ‘target genes’ from a combination of sources
(MicroT, Microcosm, Pictar, Segal, TargetScan).

Additional urothelial carcinoma patients were recruited from Dartmouth-Hitchcock Medical
Center for RNA isolation of sections of their primary (n=5) and recurrent tumor tissue
samples (n=12). Total RNA was isolated from formalin-fixed paraffin embedded (FFPE)
bladder tissue samples using the Qiagen Deparaffinization Reagent followed by miRNeasy
FFPE RNA isolation kits, according to the manufacturer’s instructions (Qiagen). Tagman
miR-34a- or U6-snRNA specific probes were used to verify the miRNA expression levels
using the MicroRNA Reverse Transcription Kit and Tagman Universal PCR Master Mix
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(Applied Biosystems). S100P mRNA levels were assessed by Qiagen Reverse Transcriptase
followed by Tagman S100P or GAPDH primer-probe sets and Tagman Universal PCR
Master Mix (Applied Biosystems). A standard curve was constructed to convert expression
level Ct values into ng cDNA*L. The miR-34a levels were normalized to U6, while S100P
levels were normalized to GAPDH. Expression levels were assessed in tumors relative to
histologically normal urothelial tissue.

Statistical analysis

Results

Median times to first recurrence, progression or survival were calculated using the Kaplan-
Meier method. Multivariate analysis of time to the first bladder tumor recurrence,
progression and survival analyses were performed using Cox-proportional hazards
regression analysis in SAS version 9.3. Analyses were performed separately for non-muscle
invasive tumors (stage 0,1) and muscle invasive tumors (stage Il, 11, IV). MiR-34a was
analyzed by assigning low levels to tissue samples with fluorescence scores 01+, and high
levels for scores 2—-3+. The standard prognostic model included adjustment for age at
diagnosis of first bladder tumor, gender, smoking (never — <100 lifetime cigarettes, former —
quit >1 year prior to diagnosis, or current — continuing within a year of diagnosis), as well as
size (<3, 3+cm), multiplicity (single, multiple), stage/grade (non-muscle invasive low grade,
high grade, presence of Cis, or stages 11-1V), and treatment in the model. Treatment was
coded as transurethral resection, +/— immunotherapy, chemotherapy, radiotherapy, or
cystectomy for non-muscle invasive patients; or as cystectomy, chemotherapy, or other for
muscle-invasive patients). P values represent two-sided statistical tests.

This analysis addressed the hypothesis that lower levels of mMiRNA-34a expression within
neoplastic cells increased risk of bladder cancer recurrence. MiR-34a levels did not differ
significantly by characteristics including gender, age, smoking status, tumor size, or
multiplicity (Table 1). As this is a population-based cohort, the majority of our cases are
non-muscle invasive (stage 0,1) at diagnosis. Most (95%) of the specimens with high
miR-34a levels were non-muscle invasive tumors (P=0.003). Medical data subsequent to
diagnosis were reviewed to obtain longitudinal follow-up information on 86% of the cases,
with an average duration of follow-up of 3.8 years and 75% of the cases (292 out of 389)
were followed >7.0 years. Half of the cases experienced recurrences, with 4% (n=13)
representing progression to a higher stage lesion. Characteristics of the n=229 urothelial
carcinoma patients with tissue available for in situ hybridization were very similar to the
overall study population (Supplemental Table 2), although there were more large-sized
lesions (= 3cm 54% vs. 40%).

We assessed the level and cell type distribution of miR-34a in bladder tumor tissue sections
by multi-color in situ hybridization (ISH) assay. Representative cases in Figure 1 show
miR-34a expression within the urothelial carcinoma cells of these Ta low grade tumors.
MiR-34a levels were scored from low to high (0, 1+,2+, 3+, as represented by Figure 1
panels a — d). Analysis of scored miR-34a levels exclusively within urothelial carcinoma
cells across all 229 tumors indicates that a smaller proportion of the muscle invasive tumors
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have high levels of miR-34a, compared to non-muscle invasive (P=0.006) (Figure 2a). We
observed a trend towards higher miR-34a levels among the papillary lesions, particularly the
PUN-LMP and low grade papillary lesions (Pap.Ca-LG), but could not rule out the
possibility of chance (Figure 2b). MiR-34a levels did not differ by P53 protein staining level
in the tumor tissue, although among the muscle invasive tumors fewer negative scores were
observed in p53 low vs. high tumors (Figure 2c).

We assessed the prognostic significance of miR-34a using Kaplan-Meier plots. Among non-
muscle invasive tumors, median time to first recurrence was longer (2.84 years) for those
with high miR-34a (scores 2-3+), compared to 1.15 years for those with low miR-34a levels
(scores 0-1+) in the cancer-cell compartment (log-rank P-value 0.04) (Figure 3). Similar
results were obtained when analyses were restricted to the Ta low grade (log-rank P-value
0.03), or the TaHG/T1/Tis subsets. Score-specific analysis showed that patients with an
miR-34a intensity score of 3+ had the longest time to recurrence (positive predictive value
for no recurrence 0.75), while those negative for miR-34a (score=0) had the shortest time
(negative predictive value for recurrence 0.68) (Supplementary Figure 1). In the multivariate
Cox regression models, lower risk of recurrence was associated with having high miR-34a
levels in the baseline non-muscle invasive tumor (n=63) compared to low miR-34a levels
(n=166), with a hazard ratio (HR) 0.57 95%CI 0.34-0.93, adjusted for age, gender, smoking,
size, multiplicity, stage, grade, and treatment. We did not observe differences in time to
progression (log-rank P-value 0.34) or survival (log-rank P-values 0.49) of patients with
non-muscle invasive disease by miR-34a status, based on 9 and 35 events respectively.

We went on to perform functional assays in cells derived from the bladder urothelium.
Specifically, we assessed whether modulation of miR-34a expression in a controlled
experimental setting could modify the behavior of cells in tumorigenic assays using cultured
bladder epithelial cell lines. Cultured urothelial carcinoma cells with more miR-34a had a
reduced propensity invade through a matrigel plug, compared to those with lower levels
(Figure 4a). Likewise, the number of urothelial carcinoma colonies able to grow in soft-agar
was significantly reduced in cells with more miR-34a (Figure 4b).

The downstream mRNA level changes occurring with miR-34a loss (anti-miR-34a, low
level) were assessed experimentally by comparing to the expression of genes in cultured
urothelial cells with high miR-34a levels (control, high level). A heat map illustrates MRNA
levels for the 133 genes with the most dramatic expression differences (Supplementary
Figure 2). 45 mRNAs were expressed at higher levels in cells with more miR-34a, while 88
mRNAs were down-regulated in cells with more miR-34a (listed in Supplementary Table 2).
Of the subset of differentially expressed genes that met our expression ratio and P-value
thresholds, analysis overlaying our gene expression data and in silico, sequence predicted
target genes revealed S100P as a novel sequence-predicted miR-34a target gene. Translating
this observation from cell culture into human tissue, we observed that S100P levels were
also inversely related to miR-34a levels (Figure 5). GAPDH-normalized S100P levels were
4.6-fold higher in the bladder tumor specimens vs. histologically normal tissue, while U6-
normalized miR-34a levels in primary or recurrent tumor specimens were approximately
one-third those of the normal tissue.
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Discussion

We studied the prognostic value of altered miR-34a expression in newly diagnosed
urothelial carcinomas. We observed a lower risk of recurrence for non-muscle invasive
bladder cancer patients with high miR-34a levels within the cancer cell compartment of their
baseline primary tumors. To our knowledge, miR-34a in baseline primary tumor tissue has
not been previously evaluated in relation to metachronous bladder cancer recurrence or its
expression characterized at single-cell resolution in complex bladder cancer lesions. Tumor
vs. normal comparisons consistently show altered levels of miR-34a in bladder cancer
samples. For example, miR-34a levels were 3-fold higher in whole normal bladder tissues
compared to that of either non-muscle invasive (P=0.0023), or muscle invasive bladder
tumor tissues (P=0.0070) (n=7 per group).32 Array analysis of urothelial tissue revealed 25-
fold higher miR-34a levels in n=10 non-diseased controls compared to the histologically
normal urothelium distant from the site of the tumor in n=10 UCC patients (P=0.013).23
This observation in normal urothelial tissue, along with our determination of altered miR-34
expression within cancer cells of urothelial origin, suggests a potential for miR-34a level
monitoring as part of tumor surveillance procedures.

Our functional assays in non-muscle invasive urothelial carcinoma cell lines demonstrated
that high miR-34a levels decreased the cell’s ability to grow in soft agar and lowered the
invasive capacity. Similarly, transfection of muscle invasive cell lines with pre-miR-34a
significantly decreased their clonogenic potential and increased the percentage of senescent
and apoptotic cells in the cultures.*3 We did not observe a significant phenotype change
with anti-miR-34a treatment in these urothelial carcinoma cells, as the levels of miR-34a are
already low.

The mechanisms underlying miR-34a dysregulation in cancer are being elucidated. In other
cell types, the downregulation of miR-34a was not correlated with deletion of the
chromosomal region encoding miR-34a (1p36), nor with P53 mutation.2> Although P53 is
capable of modulating miR-34a levels in other contexts,2” we did not observe a statistically
significant correlation between miR-34a and P53 protein levels in urothelial cell tumors. It
has become apparent that there are multiple other P53-independent pathways and
mechanisms controlling miR-34a, which acts as a universal tumor suppressor.28 MiR-34a is
upregulated by the transcription factor ELK1.28 MiR-34a is silenced by methylation of
CpGs in the promoter in several types of cancer and methylation was observed in two of six
bladder cell lines (33%).2° Likewise, five out of the seven (71%) muscle invasive urothelial
cell tumor tissue samples tested in a previous study had methylated miR-34a CpGs.*4

MiR-34a’s tumor suppressive activity likely involves regulation of mMRNAs. Recent work in
invasive bladder tumor cell lines suggests that mir-34a expression can inhibit cell migration
and invasion by antagonizing Notch1 signaling.26 Our study focused on miR-34a in non-
muscle invasive bladder tumors. Anti-miR-34a treatment of normal urothelial cells to
simulate loss of miR-34 revealed a variety of downstream differences in mRNA expression
(Supplementary Figure 1). Our gene expression data demonstrated an elevation in levels of
the in silico sequence predicted miR-34a target gene S100P when cultured urothelial cells
loose miR-34a due to anti-miR-34a treatment. We reaffirmed this opposing relationship in
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bladder tissue with the observation that tumors showing loss of miR-34a also show 4-fold
higher expression of S100P compared to normal tissue. Of the n=300 urothelial carcinomas
assessed previously by immunohistochemistry, 22% stained negatively for S100P protein,
7% were equivalent, 16% weak, and 62% strong, demonstrating frequent overexpression
with a range of levels.?> S100P positivity was also previously associated with 7-fold shorter
breast cancer survival, poor clinical outcomes for gastric cancer patients, and is a marker of
aggressive, hormone-resistant and metastatic prostate cancer.*8 Mechanistic studies suggest
that S100P promotes tumor cell motility and transendothelial migration, in part by activating
the cell-matrix attachment mediator ezrin (reviewed in*6), and by binding to the cell surface
receptor for advanced glycation end products (RAGE).#” Recent work has demonstrated that
reducing S100P overexpression by siRNA treatment of endothelial cancer cells blocked cell
proliferation, nuclear beta-catenin protein level, cyclin D1 and c-myc mRNA.#8 Our data
suggest down-regulation of miR-34a could be related to the strong S100P levels observed in
some urothelial tumors and support potential benefits of further clinical testing for miR-34a
restoration therapies.

MiR-34a is a front-runner of miRNA-based restoration therapy.19 49 Forced expression of
miR-34 interferes with growth a several cancer cell lines and can prevent or reduce
progression in mouse models of lung cancer and hepatocarcinoma.>? Phase I clinical trial
using a miR-34a mimic drug called MRX34 has been initiated for patients with
hepatocarcinoma or liver metastasis to test safety of miR-34 restoration therapy.*% 51 The
bladder is a very accessible organ and thus would be well suited for implementation of
miR-34 restoration therapy in near future, if supported by on-going clinical trials.

Limitations of our study include few events available for the progression and survival
analyses. The proportion of larger lesions was slightly higher among the in situ hybridized
samples compared to the overall population, however the results remained significant in the
multivariate models adjusted for tumor size.

Our findings have potential utility in refining the clinical management of non-muscle
invasive bladder cancers. Our results encourage validation of miR-34a as a biomarker for
guiding optimal bladder tumor recurrence screening intervals. Our data also suggest
miR-34a as a candidate for future testing of miRNA restoration therapies that could improve
patient outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Impact

An estimated 500,000 patients in the US population have a history of urothelial
carcinoma. The high rate of disease recurrence is a major challenge in patient
management. High levels of tumor suppressive miR-34a were associated with a lower
risk of tumor recurrence. The value of miR-34a expression as a prognostic marker to
guide surveillance intervals and the promise for miR-34a-based restoration therapy
should be evaluated in clinical studies.
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Figure 1.
Detection of miR-34a by in situ hybridization on bladder tumor tissue specimens (Ta low

grade). Expression of miR-34a (yellow) and the carcinoma cell marker cytokeratin 19
(CK19; pink) was detected by consecutive rounds of HRP-mediated deposition of
fluorescent substrates. MiR-34a levels were scored as 0,1+,2+,3+ based on fluorescence
intensity (representative slides are shown in panels a,b,c,d respectively). Tissue sections
were counterstained with nuclear marker DAPI (blue).
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Figure 2.
a) Urothelial carcinomas that are non-muscle invasive (Ta low grade (TaLG) or Ta high

grade (TaHG)/T1/Tis tumors have a greater frequency of high miR-34a levels than muscle
invasive tumors (T2+), chi-square P=0.008. b) Papillary urothelial carcinomas trend towards
a greater frequency of high miR-34a levels than non-papillary tumors. ¢) MiR-34a levels do
not differ by p53 protein level, assessed by immunohistochemical staining, either in non-
muscle invasive (TaT1) or muscle invasive (T2+) tumors.
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Figure 3.

Individuals with high miR-34a levels in their non-muscle invasive baseline tumors
experience longer time to recurrence. Median time to first recurrence was 2.84 years for
those with high miR-34a, scores 2—3, compared to 1.15 years for those with low miR-34a,
scores 0-1, (Log-rank P=0.04).
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Functional assays of cultured urothelial cells support a tumor suppressive role for miR-34a.
Cultured urothelial cells were transfected with negative control, antimiR-34a or preMir-34a
constructs. Raising miR-34a levels using preMir-34a significantly reduced both the number
of a) cells invading matrigel and b) colonies able to grow in soft agar.
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Figure 5.
Expression level of S100P shows opposing expression to miR-34a in tumor tissue. Tissue

S100P mRNA or miR-34a levels were assessed by RT-PCR with normalization to GAPDH
and U6-snRNA, respectively. Relative to histologically normal adjacent urothelial tissue,
primary tumor tissue samples (n=5), had low miR-34a levels, but 4-fold higher levels of
S100 calcium binding protein P (S100P). Recurrent tumor tissue samples (n=12) also had
low miR-34a levels.
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